Primary cilia play critical roles in many aspects of biology. Specialized versions of primary cilia are involved in many aspects of sensation. The single photoreceptor sensory cilium (PSC) or outer segment elaborated by each rod and cone photoreceptor cell of the retina is a classic example. Mutations in genes that encode cilia components are common causes of disease, including retinal degenerations. The protein components of mammalian primary and sensory cilia have not been defined previously. Here we report a detailed proteomics analysis of the mouse PSC complex. The PSC complex comprises the outer segment and its cytoskeleton, including the axoneme, basal body, and ciliary rootlet, which extends into the inner segment of photoreceptor cells. The PSC complex proteome contains 1968 proteins represented by three or more unique peptides, including ϳ1500 proteins not detected in cilia from lower organisms. This includes 105 hypothetical proteins and 60 proteins encoded by genes that map within the critical intervals for 23 inherited cilia-related disorders, increasing their priority as candidate genes. The PSC complex proteome also contains many cilia proteins not identified previously in photoreceptors, including 13 proteins produced by genes that harbor mutations that cause cilia disease and seven intraflagellar transport proteins. Analyses of PSC complexes from rootletin knockout mice, which lack ciliary rootlets, confirmed that 1185 of the identified PSC complex proteins are derived from the outer segment. The mass spectrometry data, benchmarked by 15 well characterized outer segment proteins, were used to quantify the copy number of each protein in a mouse rod outer segment. These results reveal mammalian cilia to be several times more complex than the cilia of unicellular organisms and open novel avenues for studies of how cilia are built and maintained and how these processes are disrupted in human disease.
Primary cilia are present on most cells in the human body. These structures are typically sensory organelles and are involved in many critical aspects of cell biology (1, 2) . For example, sensation of flow by primary cilia is required for maintenance of renal nephron structure and body axis determination. Recent evidence has also revealed that primary cilia play important roles in various aspects of development, such as planar cell polarity and Hedgehog signaling (3, 4) . All cilia are composed of a microtubule-based axoneme surrounded by a distinct domain of the plasma membrane. The axonemes are derived from and anchored to the cell via basal bodies (5) .
Cilia are involved in many aspects of sensation, including vision, smell, and hearing (2, 3) . The sensory cilium elaborated by each rod and cone photoreceptor cell of the retina is a classic example. These photoreceptor sensory cilia or outer segments are among the largest of mammalian cilia (2, 6) . Like other cilia, the outer segments contains an axoneme, which begins at the basal bodies and passes through a transition zone (the so-called "connecting cilium") and into the outer segment (7) (see Fig. 1 ). The basal bodies also nucleate the ciliary rootlet, which extends into the inner segment. The rootlet serves to anchor the cilium to the cell and functions as a channel for proteins destined for the outer segment (6, 8) . The photoreceptor sensory cilium (PSC) 1 complex comprises the outer segment and its cytoskeleton, including the rootlet, basal body, and axoneme (see Fig. 1 ). The outer segment membrane domain of the PSC complex is highly specialized with discs (lamellar membranes) stacked in tight order at 30 per m along the axoneme. The proteins required for phototransduction are located in or associated with these discs.
Mutations in genes that encode cilia components cause many different types of disease. To date, mutations that cause inherited retinal degenerations, which are common causes of blindness, have been identified in genes encoding 38 PSC complex proteins (RetNet: www.sph.uth.tmc.edu/ Retnet/). Furthermore mutations in genes encoding proteins expressed both in photoreceptors and other cilia result in systemic diseases, such as Usher syndrome, Bardet-Biedl syndrome (BBS), Senior-Loken syndrome, and Joubert syndrome that involve retinal degeneration along with other disorders consequent to cilia dysfunction such as deafness and polycystic kidney disease (2, 3) .
The proteomes of mammalian primary and sensory cilia have not been defined to date. Such datasets have the potential to accelerate investigations of the cell biology of sensory and primary cilia and facilitate understanding of cilia disruption and dysfunction in disease. A proteomics analysis of axonemes isolated from the cilia of cultured human respiratory epithelium was reported several years ago, but it identified a relatively small number of proteins (86 by Ն2 peptides) (9) . Proteomics analysis of cilia, flagella, and basal bodies from three unicellular organisms and several in silico analyses designed to identify cilia genes based on conservation among ciliated organisms have been performed (10 -15) . In aggregate, these analyses have identified ϳ1200 non-redundant putative cilia-related proteins (16, 17) . It remains unclear, however, how many of these proteins have homologs that are components of mammalian cilia and associated structures.
To identify the proteins that make up an important mammalian cilium, we undertook a detailed proteomics analysis of the mouse PSC complex. Here we report this PSC complex to consist of ϳ2000 proteins. To differentiate proteins associated with the inner and outer segment portions of the PSC complex, we also analyzed PSCs from rootletin knock-out (KO) mice, which lack ciliary rootlets (6) . We used the MS/MS spectral count data, normalized for detectable peptides and benchmarked by 15 well characterized outer segment proteins, to estimate the copy number of each protein in a mouse photoreceptor outer segment.
EXPERIMENTAL PROCEDURES
Animals-This research was approved by the University of Pennsylvania Institutional Animal Care and Use Committee. Wild-type C57BL/6J mice were obtained from The Jackson Laboratory or bred from commercially obtained founders. Rootletin KO mice were described previously (6) .
PSC Complex and PSC Complex-Cytoskeleton Isolation-PSC complexes were isolated from the retinas of 4-week-old wild-type or rootletin KO mice using modifications of established techniques (18, 19) . Briefly fresh mouse retinas were gently vortexed for 1 min in 500 l of buffer A (10 mM Pipes, pH 7.0, 5 mM MgCl 2 , and 1ϫ proteinase inhibitor mixture) with 50% (w/v) sucrose. PSC complexes were separated from the remainder of the retina by centrifugation for 20 min at 13,000 ϫ g. The PSC complexes were collected from the top of the 50% sucrose buffer, diluted 1:1 in buffer A without sucrose, and subjected to a second round of centrifugation on a 50% sucrose cushion. Purified PSC complexes were collected at the interface and sedimented by decreasing the sucrose concentration. A portion (20%) of the purified wild-type PSC complex was placed in SDS-PAGE sample buffer for the PSC complex proteomics analysis (see below).
The PSC complex-cytoskeletons were then isolated by extracting the remaining 80% of the purified wild-type PSC complexes with detergent (buffer B: 10 mM Pipes, pH 7.0, 5 mM MgCl 2 , 1% Triton X-100, 1 mM DTT, and 1ϫ proteinase inhibitor mixture) for 1 h on ice to remove the plasma membrane and outer segment discs (19, 20) . The PSC complex-cytoskeleton fraction was separated by discontinuous sucrose gradient centrifugation (40, 50 , and 60% sucrose) in buffer B for 1 h at 13,000 ϫ g. The enriched cytoskeleton fraction was collected at the 50/60% sucrose interface and pelleted by decreasing the sucrose concentration in buffer B. The PSC complex and cytoskeleton preparations were viewed by differential interference contrast microscopy on a Zeiss LSM 510 Meta confocal microscope and immunostained as described below.
Proteomics Analyses-For the proteomics analyses, purified PSC complexes and cytoskeletons were extracted with SDS sample buffer, and the insoluble material was removed by centrifugation. The wild-type PSC complex (45 g), PSC complex-cytoskeleton (40 g), and rootletin KO PSC complex (45 g) proteins were then separated by electrophoresis for 6 cm on a 4 -12% bis-Tris minigel (NuPage), and the gel was stained with colloidal Coomassie Blue.
Each 60-mm lane was subsequently cut into uniform 1-mm slices with the MEF-1.5 Gel Cutter (The Gel Co., San Francisco, CA). Two adjacent gel slices were combined per digestion tube, and the samples were digested in-gel with trypsin as described previously (21) . Tryptic digests (10 l of a total of 30 l) were separated by reverse phase HPLC on a nanocapillary column, 75-m-inner diameter ϫ 20-cm PicoFrit (New Objective, Woburn, MA), packed with MAGIC C 18 resin, 5-m particle size (Michrom BioResources, Auburn, CA), using a NanoLC pump (Eksigent Technologies, Livermore, CA). Solvent A was 0.58% acetic acid in Milli-Q water, and solvent B was 0.58% acetic acid in acetonitrile. Peptides were eluted into an LTQ-FT mass spectrometer (ThermoElectron, San Jose, CA) at 200 nl/min using an acetonitrile gradient. Each reverse phase LC run consisted of a 10-min sample load at 1% B and a 75-min total gradient consisting of 1-28% B over 50 min, 28 -50% B over 14 min, 50 -80% B over 5 min, and 80% B for 5 min before returning to 1% B in 1 min. To minimize sample carryover to the next LC-MS/MS run, a 28-min blank cycle was run between each sample. Sample injection was ϳ7 min, resulting in a total sample to sample cycle time of about 120 min. The mass spectrometers were set to repetitively scan m/z from 400 to 1600 followed by data-dependent MS/MS scans on the six most intense ions with dynamic exclusion enabled.
MS/MS Data Analyses-Peptides from each LC-MS/MS run were identified from the MS/MS spectra using the Bioworks Browser 3.3 program (ThermoElectron). DTA files were generated from MS/MS spectra using an intensity threshold of 3000 and a minimum ion count of 30. The DTA files generated were searched against the National Center for Biotechnology Information (NCBI) non-redundant (July 2006) database with a reversed copy of the database placed in front of the forward copy of the database. To reduce database search time, the databases were indexed with the following parameters: monoisotopic mass range of 750 -3500, length of 6 -100, half-tryptic specificity with up to two internal missed cleavage sites, static modification of cysteine using iodoacetamide modification (ϩ57.02150 Da), and dynamic modification of Met to methionine sulfoxide (ϩ15.9949 Da). The DTA files were searched with a 2.5-Da peptide mass tolerance and a 1.0-Da fragment ion mass tolerance using the Sequest algorithm within Bioworks 3.3. Other search parameters were identical to those used for database indexing. Peptide identification false positive rates were estimated after applying appropriate data filters as the number of redundant peptide hits to the reverse database divided by the number of redundant peptide hits to the forward database times 100. After estimating false positive rates, all hits to the reverse database were removed prior to further analysis.
DTASelect and in-house custom programs were used to combine and filter the outputs from the Sequest searches for all 30 LC-MS/MS runs from each sample into a single summary (22) . Peptide hits from database searches were filtered using the following: mass accuracy, Ͻ10 ppm; ⌬Cn Ն 0.08; and full tryptic boundaries. When large datasets of LC-MS/MS data from LTQ-FT mass spectrometers are searched using a wide mass window and half-tryptic constraints followed by filtering using full tryptic boundaries and a tight mass tolerance, much lower false positive rates are obtained than when stringent cross-correlation scores or probability scores are used. 2 The identified peptides were grouped into the smallest set of non-redundant proteins possible. Different forms (charge states and modifications) of the same peptide were compressed into a single hit. Java and Perl scripts were developed to perform additional processing steps such as retrieving gene names, comparing datasets, and removing peptide redundancy. The corresponding mouse gene was identified for each protein. The protein and gene identifications were reviewed manually to ascertain their accuracy and to ensure that consistent database entries were reported in the different samples. This included reviewing the identifications of related proteins that shared common peptides. When proteins could not be reliably distinguished by unique peptides, they were reported as a protein group and identified in the Note column of the PSC complex proteome spreadsheet (Supplemental Table S1 ) by an M (for multiple). Supplemental Tables S2-S4 contain the DTASelect summaries with peptide sequences for the PSC complex, PSC complex-cytoskeleton, and rootletin KO PSC complex LC-MS/MS analyses, respectively.
Prior to additional analyses, obvious contaminants such as keratins, histones, and serum proteins were removed from the proteome. As in other cilia, mitochondria and ribosomes, which are not part of photoreceptor outer segments, can segregate with PSC complexes due to their high abundance in inner segments (9, 13, 23) . We therefore removed mitochondrial and ribosomal proteins from the PSC proteome. Mitochondrial proteins were identified using a curated list of known mitochondrial proteins derived from the MitoP2 database (24) . Keratins, histones, and ribosomal and serum proteins were identified based on protein names and annotations in NCBI protein and gene records.
Immunofluorescence Microscopy-Eyes from wild-type adult mice were processed in two different ways for immunostaining experiments. For preparation of sections from unfixed retina, eyes were enucleated, snap frozen, embedded in OCT, and cryosectioned at 10 m. Sections were postfixed with 1% paraformaldehyde in PBS for 10 min before performing immunostaining. For preparation of sections from fixed retina, eyes were enucleated after cardiac perfusion with 4% paraformaldehyde in PBS (pH 7.4), fixed in 4% paraformaldehyde for 3 h, embedded in OCT freezing medium, and cryosectioned at 10 m. Both types of frozen sections were then immunostained as described previously (25) . For staining of the isolated PSC complex and cytoskeleton preparations, 10 l of each suspension was spotted on glass slides and immunostained as described previously (19) . Cy3-, Alexa 488-, and Alexa 633-conjugated secondary antibodies were obtained from Jackson ImmunoResearch Laboratories or Molecular Probes. Stained sections were viewed with a Zeiss LSM 510 Meta confocal microscope, and the images were processed with Zeiss Meta 510 software (Carl Zeiss MicroImaging).
Antibodies-The primary antibodies used for these studies are described in Supplemental Table S5 . We requested antibodies to 200 proteins whose location in the PSC complex had not been reported previously. These 200 antibodies were identified by literature searches and were directed against proteins that were distributed throughout the range of relative protein abundance in the PSC complex proteome. We received or purchased 51 of these antibodies, including 33 directed against the outer segment portion of the PSC complex (PSC-OS) proteins and 18 against the inner segment portion of the PSC complex (PSC-IS) proteins (Supplemental Table S5 ).
Quantitative Analysis-To estimate the relative abundance of proteins in the PSC-OS, we used a measure of total spectra observed per detected protein (26 -28) . Spectral counts derived from the MS/MS data were normalized by dividing the total number of spectra detected by the predicted number of observable peptides per protein.
The predicted number of observable peptides per protein was determined by identifying predicted complete tryptic peptides with detectable masses (750 -3500 Da). For the 208 proteins in the PSC-OS group where one or more peptides were shared between related proteins, the number of spectra from the shared peptides assigned to each protein was determined based on the ratios of spectra derived from the unique peptides that identified each protein.
The concentrations of 15 known photoreceptor proteins were obtained from the literature (Supplemental Table S7 ). These are expressed relative to rhodopsin of which 7 ϫ 10 7 molecules are present on average in the mouse rod sensory cilium (29) . Where appropriate, protein levels were corrected for the portion of total protein present in the outer segment (Supplemental Table S7 , Notes).
Because the amounts of transducin, arrestin, and recoverin in the outer segment vary with light exposure, the locations of transducin and arrestin under the conditions of illumination used to harvest retinas were determined using immunofluorescence assays (30) . Frozen sections of retinas were prepared from mice that were 1) completely dark-adapted, 2) exposed to the same light regimen as mice from which retinas were harvested for PSC complex isolation, or 3) bleached with 15,000 lux of light for 30 min with dilated pupils prior to sacrifice. These sections were embedded adjacent to each other and probed with antibodies to arrestin and ␣-transducin. The percentage of the total photoreceptor fluorescence signal in the outer segment was calculated using Zeiss LSM 510 software. As shown in Supplemental Fig. S1 , only minimal translocation of arrestin into the outer segment occurred in the mice exposed to the dissecting microscope; ϳ5% of the photoreceptor arrestin fluorescence signal was located in the outer segment. The distribution of transducin under the lighting conditions used was the same as that observed in dark-adapted animals (data not shown). Based on these data, it was assumed that recoverin also retained its dark-adapted distribution.
Functional Analysis-We evaluated the functional categories and domains of proteins in the PSC complex proteome based on the Database for Annotation, Visualization, and Integrated Discovery (DAVID) 2006 (31) . We used the Expression Analysis Systematic Explorer (EASE) program to determine which functional categories are statistically overrepresented in PSC complex proteome with respect to total protein set annotated in mouse (32) .
Comparisons with Published Datasets and Identification of Candidate Genes-To allow integration of data from heterogeneous databases such as GenBank TM , UniGene, and Ensembl, protein identities were extracted from published articles and mapped to Entrez gene identities (July 2006) using Java and Perl scripts. To compare proteomes derived from different organisms, mouse or human homologs for all proteins were found using Homologene (July 2006). To identify candidate genes, the human homologs of the mouse genes that encode the proteins in the PSC complex proteome were compared electronically to the Online Mendelian Inheritance in Man (OMIM) and RetNet (www.sph.uth.tmc.edu/Retnet/) databases. Potential candidate genes were evaluated manually to determine whether they fell within published intervals for disease loci.
RESULTS

Identification of the PSC Complex
Proteome-To identify the proteome of the mouse PSC, we performed LC-MS/MS analyses on three distinct protein preparations: wild-type PSC complexes, PSC complex-cytoskeletons, and rootletin KO PSC complexes (Fig. 1 ). Photoreceptor cells are classically described as having an outer segment, where phototransduction takes place, and an inner segment, where the biosynthetic functions of the cell are concentrated (Fig. 1) . Although the inner and outer segment compartments are distinguishable by morphology, by function, and no doubt by their protein complements, they cannot be completely separated using standard biochemical techniques because the outer segment is an elaborated cilium, and its ciliary rootlet extends far into the inner segment (2, 33) . PSC complexes isolated from wild-type mice thus contain outer segments plus the portions of their cytoskeletons that extend into the inner segments of photoreceptor cells, including the basal body and ciliary rootlet (Fig. 1) .
Ciliary rootlets are a polymer of rootletin, and in its absence rootlets do not form (6) . PSC complexes isolated from rootletin KO mice therefore lack ciliary rootlets and separate from the inner segments of photoreceptor cells easily and without the major inner segment component of the PSC complexcytoskeleton ( Fig. 1) . Despite the lack of rootlets, PSCs in rootletin KO mice have apparently normal structure and function (6) . The overlap between wild-type PSC complex proteome and rootletin KO PSC complexes thus identifies the proteins located in the PSC-OS (Fig. 1) .
We also prepared PSC complex-cytoskeletons to improve our ability to detect lower abundance proteins in these structures because phototransduction proteins in the PSC membrane discs are very abundant. The combination of the PSC complex and PSC complex-cytoskeleton data is defined as the PSC complex proteome (Fig. 1) . The difference between the PSC complex and the PSC-OS identifies proteins associated with the PSC-IS (Fig. 1) .
We isolated PSC complexes and cytoskeletons from wildtype mouse retinas and PSC complexes from rootletin KO mouse retinas using established techniques (6, 18, 19) . Microscopic and immunofluorescence analyses showed that these three preparations were highly purified ( Fig. 2) . At lower magnification, it is evident that the wild-type and rootletin KO PSC complex preparations consist almost entirely of PSC complexes with minimal contamination by the other structures noted (Fig. 2 , B and J). At higher magnification, it can be seen that the wild-type PSC complexes consist of outer segments with thin extensions at their bases ( , it is evident that the preparation consists of highly enriched PSC complexes with minimal contamination by the other structures noted. E-H, drawing of PSC complex-cytoskeleton (E) and isolated PSC complex-cytoskeleton preparation viewed with differential interference contrast (G) and fluorescence microscopy (F and H) using antibodies to rootletin (red) and Rp1 (green). The cytoskeletons consist of rootlets, basal bodies, and axonemes and are highly purified as illustrated in the images. I-K, drawing of a rootletin KO PSC complex (I) and rootletin KO PSC complex preparation (J and K) viewed with differential interference contrast and fluorescence microscopy and stained with antibodies to rootletin (red) and Rp1 (green). In these PSC complexes, small dots of rootletin staining are noted at the basal bodies, but no formed rootlets are present. Colors of labels correspond to those used in Figs. 1 and 3 . BB, basal body; RT, ciliary rootlet; TZ, transition zone; AX, axoneme. Bars ϭ 5 m.
the targeted Crocc allele, PSC complexes isolated from rootletin KO mice do not contain ciliary rootlets (Fig. 2, J and  K) . The PSC complex-cytoskeletons were composed of axonemes, basal bodies, and rootlets and were also highly purified (Fig. 2, F-H) .
Electrophoretic analysis showed that the wild-type PSC complex preparation contained a dense group of bands at ϳ35-40 kDa consisting mainly of rhodopsin (Fig. 3A) . Consistent with successful removal of membranes, these bands were greatly diminished in the PSC complex-cytoskeleton preparation. The rhodopsin band remained prominent in the rootletin KO PSC complexes, but many of the less abundant protein bands were missing, consistent with lack of the inner segment portion of the PSC complex (Fig. 3A) . The proteins in the wild-type and rootletin KO PSC complexes and the PSC complex-cytoskeleton preparations were identified by LC-MS/MS analyses (Table I and Supplemental Tables S2-S4) . Stringent data filters applied during the analyses resulted in The PSC complex proteome identified by three or more peptides, generated by combining the results of the wild-type PSC complex and PSC complex-cytoskeleton analyses, contains a total of 1968 proteins ( Fig. 3 and Supplemental Table  S1A ). Combination of the data from the PSC complex and PSC complex-cytoskeleton preparations enriched the proteome. Because the PSC complex-cytoskeleton is a subset of the PSC complex, proteins identified only in the PSC complex-cytoskeleton preparation reflect the improved capacity to detect lower abundance proteins in this further purified sample. For example, all of the 12 molecularly characterized intraflagellar transport (IFT) proteins detected in these analyses were enriched in the PSC complex-cytoskeleton preparation, including five that were not detected in the intact PSC complex (Supplemental Table S1 ). IFT is a highly conserved process by which groups of proteins are moved in and out of cilia by active transport along the axoneme (34) . An additional 1322 proteins were identified by one or two peptides. These proteins were not included in the analyses described below because the proportion of proteins that are contaminants is expected to increase at very low abundance levels. However, it is worth noting that some proteins detected by one or two peptides are PSC complex components, such as whirlin, which has been detected in the transition zone of photoreceptors (35) .
Assessment of the Quality of the PSC Complex ProteomeSeveral measures show that the PSC complex proteome is relatively comprehensive and has minimal contamination by non-PSC complex proteins. Proteins produced by genes that harbor mutations known to cause inherited retinal degenerations provide a basis for estimating the percentage of false negatives in the proteome as the locations of many of them in the retina have been well characterized. They also represent multiple types of photoreceptor proteins. Thus, of the retinal disease genes whose protein products are known to be located in the PSC complex, 36 of 38 were present in our proteome (Table II) , providing an estimate of about 5% for false negatives. To estimate the false positive rate in the PSC complex proteome, we used two measures. First, we examined whether proteins known to be located in proximity to but not in the PSC complex were detected in the proteome. None of the five nuclear proteins and only one of the 12 retinal pigment epithelium (RPE) proteins produced by retinal degeneration disease genes were detected (RetNet: www.sph.uth.tmc.edu/Retnet/). Second, immunofluorescence analysis using antibodies to 51 proteins detected in our analyses whose location in photoreceptor cells has not been reported previously confirmed the location of 45 of these proteins in the PSC complex (Supplemental Table S5 ). The 51 antibodies used for these analyses were directed against proteins distributed throughout the range of relative protein abundance in the PSC complex proteome and thus were a good subset for estimation of the false positive rate. Additional investigation of the six proteins that were not detected is warranted as they may be present at very low abundance in PSC complexes instead of being contaminants from other structures. Based on these data, we estimate the maximum false positive rate to be ϳ10% (0/5 ϩ 1/12 ϩ 6/51 ϭ 7/68).
Inner and Outer Segment Components of the PSC Complex-As described above, we used PSC complexes from rootletin KO mice to distinguish inner (PSC-IS) and outer segment (PSC-OS) components of the PSC complex (Fig. 1) . The rootletin KO PSC complex preparation contained 1209 proteins detected by Ն3 peptides (Fig. 3C and Supplemental Table S4 ). Of these, 98% (1185 proteins) are shared with the wild-type PSC complex proteome, confirming the location of these proteins in the PSC-OS (Fig. 3D and Supplemental Table S1B ). Conversely the finding that only 2% (or 24) of the proteins in the rootletin KO PSC complex were not detected in the wild-type PSC complex or cytoskeleton preparations demonstrates excellent reproducibility of the PSC complex preparations and the MS/MS analyses used in this study (Supplemental Table S1D ). The specificity of the PSC-OS group of 1185 proteins is demonstrated by the finding that all 44 proteins with functional annotations related to phototransduction are present in this group (Fig. 4A) . Furthermore all 36 proteins produced by retinal degeneration disease genes that were detected in the wild-type PSC complex are in the PSC-OS group (Table II) . Identification of these PSC-OS proteins will facilitate investigations into cilia biology and vision and pathogenesis of cilia disorders, including retinal degenerations.
The 783 proteins in the wild-type PSC complex proteome that were not detected in the rootletin KO PSC constitute interesting classes of proteins ( Fig. 3D and Supplemental Table S1C ). These are PSC-IS proteins that could have activities related to the cilium cytoskeleton, such as transporting proteins to the basal bodies in preparation for export into the cilium (8, 36) . It is also possible that some PSC-IS proteins are lower abundance outer segment proteins that were only detected in the PSC complex-cytoskeleton preparation, such as the IFT proteins described above. To estimate the proportion of PSC-IS proteins specifically associated with the cilium cytoskeleton, we used antibodies to 18 PSC-IS group proteins to probe frozen sections of retina and isolated wild-type PSC complexes. Fifteen of the 18 antibodies (83%) stained PSC complex components ( Fig. 5 and Supplemental Table  S5 ). We thus estimate that ϳ650 of the 783 proteins in the PSC-IS group are specifically associated with the inner segment portion of the PSC complex.
Candidate Genes Identified by the PSC Complex Proteome-The genes that encode proteins in the PSC complex proteome are good candidate genes for inherited retinal degenerations and other cilia-related disorders. Consistent with this, during preparation of this report, we became aware of two newly discovered retinal disease genes that produce proteins in the PSC complex proteome. 3 To further evaluate the PSC complex proteome for candidate genes, we screened the human homologs of the genes that encode the proteins in the PSC complex proteome to identify those that map into known genetic loci for cilia-related diseases. A total of 60 genes were found to map within the critical intervals for 23 inherited cilia-related diseases (Supplemental Table S6 ). This list includes 25 candidate genes for eight retinal disorders and eight candidates for six forms of inherited deafness.
Comparisons with Other Cilia Proteomes-To identify conserved and novel cilia proteins in the PSC complex, we compared our proteome with other cilia datasets. Proteomics analyses of axonemes isolated from cultured human respiratory epithelial cells and centrosomes isolated from human lymphoblastic cells have been reported (9, 37) . This latter report is relevant to the current analysis because during interphase centrioles function as basal bodies for cilia. Our PSC complex proteome contains 66% of the axoneme and 54% of the centrosome proteins. This demonstrates that the PSC, a specialized sensory cilium, shares many components with other cilia. A summary of comparisons of the PSC complex proteome with 12 previously reported datasets is shown in Table III . The PSC complex proteome has less overlap with cilia datasets generated from bioinformatics or gene expression analyses (21-37%; average, 28%) than with other proteomics analyses (25-87.5%; average, 50%).
Proteomes of cilia and flagella from three unicellular eukaryotes, Chlamydomonas reinhardtii, Trypanosoma brucei, and Tetrahymena thermophila, have been reported in the past year (10 -12) . These proteome data and data from several bioinformatics analyses of cilia genes have recently been collected into databases by two groups (16, 17) . In the CiliaProteome 1226 non-redundant mammalian orthologs of putative cilia-related proteins were identified by meta-analysis of 10 cilia and basal body datasets reported to date (16) . The PSC complex proteome contains 344 of the 1224 (28%) CiliaProteome proteins for which mouse orthologs have been identified (Supplemental Table S1 ). An additional 153 CiliaProteome proteins were either detected by one to two peptides or were excluded as contaminants (e.g. mitochondrial 3 C. Inglehearn, personal communication.
FIG. 5. Locations of novel proteins in mouse PSC complexes.
A-D, examples of validation of novel PSC complex proteins. Frozen sections of retina from adult mice were probed with antibodies against the putative PSC complex proteins identified in this study (red). The sections were also probed with antibodies to Rp1 to visualize the photoreceptor axoneme (green). The left half of the image shows the red signal, and the right half of the image shows the merged red and green signals. Nuclei were detected with Hoechst dye (blue). A, Transgelin 3 was detected in the proximal outer segment (OS) adjacent to the axoneme. B, antibodies to Dynamin 2 demonstrated punctate staining at the junction of the inner segment (IS) and OS consistent with basal bodies (BB; arrows). C, Macf1 was located in the proximal OS, closely matching the extent of the axoneme/Rp1 signal. D, Tropomyosin 4 was located in the proximal portion of the axoneme (arrowheads) and inner segments. E-H, example of validation of PSC-IS proteins. Antibodies to coronin 1b and Txndc5 were used to probe frozen sections of mouse retina (E and G) and isolated wild-type PSC complexes (F and H). Coronin 1b was detected in the inner segments on the frozen section (E) and the cytoskeleton of the isolated PSC complex (F) and thus was scored as part of the PSC complex structure. Txndc5 was detected in the inner segments of the frozen section (G) but not in the cytoskeleton of the isolated PSC complex (H) and was scored as not part of the PSC complex. AX, axoneme; ONL, outer nuclear layer. Bars ϭ 10 m.
proteins) in our study. As the majority of the cilia-related proteins in the CiliaProteome database were identified in unicellular organisms or from bioinformatics analyses, this is significant conservation and suggests that these 344 proteins represent a common cilia protein set. Analysis shows that these common cilia proteins include proteins associated with cilia construction and maintenance, such as cytoskeletal proteins, motor proteins, and components of the IFT system ( Fig.  4A and Supplemental Table S1 ).
In this group of 344 common cilia proteins, there are many proteins whose location in photoreceptor cells has not been described previously. This includes a group of 13 proteins produced by genes in which mutations cause diseases related to cilia dysfunction, including Bardet-Biedl syndrome, Senior-Loken syndrome, and Alströ m syndrome (Table IV) . Immunofluorescence analysis of Bbs2 and Bbs7 confirmed our MS/MS identifications with Bbs1 located in basal bodies and Bbs7 located in axonemes of PSCs (not shown; Supplemental Table S5 ). Similarly many of the IFT proteins have been studied in Chlamydomonas and Caenorhabditis elegans but have not been detected previously in mammals or in the PSC complex. All 12 of the characterized IFT proteins were detected in the PSC complex, including seven that have not been described previously in mammalian cilia (38, 39) . All five components of the kinesin and dynein motor proteins in- a Number of genes/proteins reported is the number of published identifications. b Number of genes/proteins compared is the number of non-redundant proteins or genes for which human or mouse orthologs were identified.
c Percentages are of the number of genes/proteins compared. volved in IFT were also detected, including Kifap3 whose location in the retina has not been reported previously (Table  V) . Novel Proteins in the PSC Complex-The PSC complex proteome contains ϳ1500 proteins that have not been identified or investigated previously in photoreceptor or other cilia. This number is estimated by subtracting the ϳ100 known photoreceptor and phototransduction proteins from the 1624 PSC complex proteins that are not shared with the CiliaProteome. As described above, immunofluorescence analyses validated the location of 45 of 51 proteins for which antibodies were available and whose location in photoreceptor cells had not been reported previously. This includes 15 of 18 proteins from the PSC-IS and 30 of 33 PSC-OS proteins (Supplemental Table S5 ). Examples of these results are shown in Fig. 5 with Dynamin 2 detected in the basal bodies and Tropomyosin 4 detected in the proximal axonemes. Microtubule-actin cross-linking factor 1 (Macf1) and Transgelin 3 were detected in the proximal outer segment of photoreceptor cells adjacent to the axonemes. The detection of each of these 45 proteins in the PSC complex provides valuable opportunities for investigation of their roles in photoreceptor biology. For example, 10 microtubule plus-end-binding proteins (ϩTIPs) and related proteins that are thought to help selectively control stabilization of microtubules were detected in the PSC complex (Supplemental Table S1 ) (40) . Antibodies to Clasp 1 and Dynamin 2 confirmed the association of these proteins with the cytoskeleton of the PSC complex ( Fig. 5 and Supplemental Table S2 ). The other six antibodies stained cells in the inner retina, such as Mü ller cells, suggesting a low level of contamination of the PSC complex preparations with components of other cells, such as Mü ller cell processes.
It is of interest that 105 of the proteins in the PSC complex proteome are hypothetical, including 60 in the PSC-OS group. The detection of peptides derived from these proteins is thus the first direct evidence that they may have functional roles in cilia or vision. Analysis of these hypothetical proteins shows 14 contain tetratricopeptide repeat, helical, or coiled-coil motifs, which are common in the PSC complex proteome and IFT proteins (41) . We have named these proteins Psc100 to Psc204 (Supplemental Table S1E ).
Functional Analyses of the PSC Complex Proteome-Several functional groups of proteins are statistically overrepresented in the PSC complex proteome and subgroups (Fig.  4A) . For example, almost 1 ⁄4 (483) of the proteins detected participate in transport, consistent with the polarized nature of the PSC complex. This includes 148 proteins associated with vesicle-mediated transport, including 62 with Rab GTPase domains. Proteins involved in signaling are prominent and concentrated in the PSC-OS group, consistent with other reports that found signaling proteins to be concentrated in cilia (3, 4) . Proteins that form rigid scaffolds or bundles, such as those with coiled-coil and WD repeat domains are especially enriched in the PSC-IS group. The WD repeat units form a circularized ␤-propeller structure that serves as a rigid scaffold for protein interactions. Many IFT proteins contain WD and tetratricopeptide repeats (41) . Analysis of the proteins in the portion of the PSC complex proteome that is not shared with other cilia datasets identified enrichment of several functional categories of interest, including transport proteins, actin-binding proteins, and ubiquitin-proteasome system (UPS) proteins (Fig. 4A) .
Estimation of PSC-OS Protein Abundance-The long history of quantitative photoreceptor biochemistry provides an opportunity to estimate the relative abundances of the entire set of proteins in our PSC-OS proteome (26, 28, 42) . Considering the abundance of each detected peptide as an independent estimate of the number of copies of the parent protein in the sample, we divided the total spectral counts from each protein by the number of observable tryptic peptides (42), a statistic we will identify as spectra per predicted peptide, "S/PP." Evidence that this quantitative approach is meaningful and reliable comes from a comparison of the S/PP data from wild-type and rootletin KO PSC complexes (Fig.  6A) . Remarkably although the isolation procedures were performed in different laboratories and the samples differ in complexity, S/PP values of the 1130 common proteins are close to identical (the unit slope line), indicating that nearly the same number of each of these proteins was present in the PSC complexes of mice of the two genotypes. About 80% of the shared proteins have relative abundances within a factor of 3 (Fig. 6A, gray region) of the identical value (red line) with somewhat greater variability for lower abundance proteins (S/PP Ͻ 2).
To estimate the protein copy numbers in each photoreceptor outer segment, we compared the reported amounts of 15 photoreceptor outer segment proteins with their spectral count data from the wild-type PSC complexes (Supplemental Table S7 ). An absolute scale is provided by rhodopsin of which 7 ϫ 10 7 molecules are present in a mouse rod outer segment (29) . The relationship between S/PP and the reported number of copies (NC) for the 15 outer segment proteins is linear (Fig. 6B) : thus, the gray line expresses the hypothesis S/PP ϭ k ϫ NC and provides a reasonable description over a nearly 10,000-fold protein concentration range. Using the estimated value of k, the copy number of each PSC-OS protein identified in this study was determined (Supplemental Table S8 ). The copy numbers range from 7 ϫ 10 7 molecules for rhodopsin to 300 for Herc2, a large protein thought to play a role in vesicular trafficking (43) . DISCUSSION We report here a comprehensive proteomics analysis of the mouse PSC complex. The PSC complex proteome determined in this study contains 1968 proteins detected by three or more unique peptides, making it one of the largest organelle proteomes reported to date (44) . Our PSC complex proteome contains many novel cilia and photoreceptor proteins. This dataset has the potential to open new avenues for research directed at fundamental questions about cilia biology, such as how these highly polarized structures are built and maintained and how these processes are disrupted in human disease.
The PSC complex proteome contains many cilia proteins not identified previously in photoreceptors. This includes 13 proteins produced by genes that harbor mutations that cause cilia disease (Table IV) . The detection of these proteins in photoreceptors is consistent with the hypothesis that defects in these proteins cause disease by disrupting cilia structure or function and focuses future investigation of disease pathogenesis (2). Our PSC complex proteome also contains seven IFT proteins not described previously in mammalian cilia or photoreceptors (Table V) . These data confirm the importance of IFT in mammalian cilia and the high degree of conservation of this axonemal transport system. These transport processes are especially important in photoreceptor cilia, where large numbers of proteins are required to maintain the outer segment, which are completely renewed every 10 days (45) .
The PSC complex proteome also contains ϳ1500 proteins not identified previously in cilia. This includes novel candidate disease genes. The identification of 60 proteins encoded by genes that map within the critical intervals for 23 inherited cilia-related disorders will help prioritize genes in these linkage intervals for mutation screening (Supplemental Table S6 ). This is especially true for the 34 genes in the list that produce proteins in the PSC-OS group. For example, the gene for transmembrane protein 27 maps within the critical region for retinitis pigmentosa 23 (RP23) (46) . Expression of the protein produced by this gene, which is also called collectrin, has been reported previously only in the kidney and pancreas, both organs in which primary cilia play an important role (47) . Table S7 . The ordinate of each point is the total number of spectra from the protein divided by the predicted number of observable tryptic peptides (S/PP); the abscissa value gives the independently determined NC of the protein in the rod outer segment. In all cases the protein copy numbers were determined relative to rhodopsin whose copy number in the mouse rod outer segment is 7 ϫ10
7 . The gray line expresses the hypothesis of a linear relationship between copy number and recorded spectra, i.e. S/PP ϭ k ϫ NC. The line was estimated by least squares regression in log/log coordinates with k ϭ 1.805 ϫ10
Ϫ5
.
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Furthermore it is likely that other PSC complex proteins are encoded by genes located in unidentified disease loci as evidenced by the recent detection of two novel disease proteins in the PSC complex proteome. 3 The novel cilia proteins detected in the PSC complex proteome may also be informative about photoreceptor biology. For example, 27 components of the UPS were detected in the PSC complex but are not shared with other cilia (Fig. 4A) . The UPS plays an important role in several cellular pathways via the coordinated degradation of their protein components (48) . Although proteasomes are typically concentrated at the centrosome, the role of the UPS in cilia and photoreceptor function has not been evaluated in detail (49) . It has been suggested that the UPS may play a role in setting the levels of phototransduction proteins, which are tightly regulated (50) . The UPS also has an important role in removing damaged proteins from the cell (51) . Dysfunction of this process is associated with several neurodegenerative disorders, including Parkinson disease (48) . PSC complexes are subjected to high levels of oxidative stress resulting from obligatory exposure of the retina to light (52) . The finding of UPS components in the PSC complex suggests that local recognition and clearance of oxidatively modified proteins within the PSC complex by the UPS may be one of the mechanisms by which photoreceptor cells cope with chronic light stress. Consistent with these hypotheses, ubiquitin is abundant in the PSC complex and was detected at multiple molecular weights, indicating conjugation to PSC complex proteins.
The results of the mass spectrometric analyses show that the PSC complex proteome is relatively comprehensive and has only limited contamination by non-PSC proteins. For example, the 98% agreement between the analyses of the rootletin KO and wild-type PSC complex preparations shows excellent reproducibility of the LC-MS/MS analyses (Figs. 3  and 6A ). In addition, the agreement between the two datasets demonstrates good depth of analysis provided by separating the protein preparations into 30 fractions by electrophoresis and using long LC gradients with a linear ion trap mass spectrometer. Furthermore 36 of 38 proteins produced by retinal degeneration disease genes that are known to be located in the PSC complex were detected (Table II) . The two proteins that were not detected in our analyses are harmonin and the ␤3 subunit of the cone cyclic nucleotide-gated channel (Cngb3). Evidence suggests that harmonin is a soluble protein (53); thus it is possible it was lost during the isolation of the PSC complexes. Membrane proteins such as the cone cyclic nucleotide-gated channel ␤3 are difficult to detect using mass spectrometry in part because their membrane-spanning regions are very hydrophobic and thus lack the arginine and lysine residues required for cleavage by trypsin. Most tryptic peptides derived from channel proteins are thus outside the size and hydrophobicity ranges detected by the mass spectrometric methods used (54) . Because only 3% of photoreceptors in the mouse retina are cones, it is likely that the combination of having six membrane-spanning regions and being present only in cones prevented detection of Cngb3.
As another assessment of the specificity of the PSC proteome, we performed immunofluorescence analyses of mouse retina using antibodies to 51 proteome members that were not described previously in PSC complexes. All but six of these antibodies confirmed the mass spectrometric data (Supplemental Table S5 ). The other six antibodies stained cells in the inner retina, such as Mü ller cells, suggesting a low level of contamination of the PSC complex preparations with components of other cells, such as Mü ller cell processes. Further analysis of the proteins to which these antibodies are directed is warranted as they may also be present at low abundance in PSCs. There are several examples of PSC complex proteins that require immunoelectron microscopy for detection in retinal sections, such as myosin VIIa (55) . Myosin VIIa was readily detected in the PSC complex proteome (Supplemental Table S1 ; eight peptides), illustrating the power of proteomics analysis to reveal low abundance proteins. Proteins from mitochondria and ribosomes, which can segregate with PSC complexes due to their high abundance in photoreceptor inner segments, accounted for less than 15% of the total proteins detected; this is comparable to the levels of mitochondrial and ribosomal proteins detected in other cilia and basal body proteomics analyses (9, 13) . In sum, these analyses support the conclusion that the majority of the proteins in the proteome are truly present in the PSC complex.
Acceleration of the Pace of Discovery-Analysis of the PSC complex proteome has the potential to accelerate the pace of discovery regarding cilia biology. For example, an insight derived from our analyses is that the PSC complex as a functional organelle includes components in both the inner and outer segments of photoreceptor cells ( Fig. 1 and Supplemental Table S1 ). The detection of ϳ650 proteins predicted to be functionally part of the cilium structure that extends into the inner segment of photoreceptor cells emphasizes the essential connection between the inner and outer segment portions of the PSC complex. Further study of the PSC-IS proteins detected in our analyses may help identify additional proteins required for PSC complex function. For instance, almost all of the components of the exocyst complex were detected in the PSC-IS group of proteins. The exocyst complex has been shown to be located in primary cilia in renal tubule epithelial cells and plays a central role in the development of renal tubules and cysts (56) . There is recent evidence that the exocyst also plays an important role in vesicle-mediated transport of proteins to the Drosophila rhabdomere, but the role of the exocyst in mammalian photoreceptors has not yet been investigated (57) .
The link between the inner and outer segment components of the PSC complex is also highlighted by the recent recognition that the movement of signal transduction proteins between the inner and outer segments of photoreceptor cells is an important mechanism by which photoreceptor cells adapt to changes in light intensity (30) . Stimulus-dependent redistribution of signaling proteins into and out of cilia also mediates transduction of external signals by primary cilia, including Hedgehog signaling and sensation of urine flow, both of which ultimately lead to modulation of transcription of target genes (3). Protein movement may thus be a general mechanism by which cilia transduce information about the external environments of their cells. The PSC-IS group proteins detected in the PSC complex are candidates to participate in the movement of proteins in response to light or other stimuli in the PSC and other cilia.
Conservation of the Mammalian PSC-Based on the analysis of PSC complexes from rootletin KO mice, our data show that the PSC complex proteome contains 1185 proteins confirmed to be part of the PSC-OS (Fig. 3) . Comparison of the PSC-OS proteome with other cilia datasets shows that the outer segment contains 2-5 times more proteins than reported for cilia from unicellular organisms, whose proteomes range from 223 in Tetrahymena to 652 in Chlamydomonas (Table III) .
Although a portion of the additional proteins in the PSC complex are associated with visual function, including 44 proteins associated with phototransduction, detection of these additional proteins likely reflects a general increase in complexity of mammalian cilia. This conclusion is supported by the observation that many protein classes in cilia from unicellular organisms are augmented in the PSC complex proteome. For example, of the 11 kinesin components and 14 microtubule-associated proteins found in the PSC, only five and three are present in flagella of Chlamydomonas, respectively (10) . The increased number of proteins in the PSC complex reflects, at least in part, the increased complexity of the mouse genome as the percentage of genes devoted to encoding cilia proteins is similar in the mouse, Chlamydomonas, and Trypanosoma genomes; this is not true of the Tetrahymena genome (Table VI) . The increased complexity of mammalian cilia also suggests that additional members of other protein classes will be found in mammalian cilia.
It is also evident from the comparisons that there is notable conservation of cilia proteins. At least 344 proteins are shared between the non-redundant cilia-related proteins in the CiliaProteome (16) and the PSC complex proteome and represent a set of common cilia proteins, emphasizing the preservation of the basic components of cilia structure throughout evolution. For example, the PSC complex shares 137 proteins with flagella from Chlamydomonas, a unicellular green alga estimated to have emerged as a species 700 million years ago (58) . Furthermore the relative proportions of the major enriched functional protein groups are similar in the common cilia proteins and the PSC complex proteome (Fig. 3, B and C) .
Implications of Quantification of the PSC Complex Proteome Components-Precise regulation of protein levels is a major theme in cell biology. In photoreceptor cells over-or underexpression of specific proteins can lead to cell dysfunction and death with alterations in rhodopsin levels being the classic example (59, 60) . It is difficult, however, to measure the levels of individual proteins on a large scale especially of proteins for which activity assays or quantitative immunoassays are not available. We found that total spectral counts normalized to total expected peptides (S/PP) within the analyzed mass range correlated well with the known amounts of 15 outer segment proteins (Fig. 6B) . Specifically 14 of the benchmark points lie within a factor of 3 of the best fitting line. This is consistent with prior reports that the number of spectra detected for a given protein in MS/MS analyses can be used to estimate the relative abundance of that protein (26, 27) .
The value S/PP is an estimate of protein abundance and is not corrected for inherent variations in peptide "detectability." For example, as indicated above peptides from membrane proteins are less efficiently detected in LC-MS/MS experiments due to their hydrophobicity (54) . Rhodopsin, which has seven transmembrane segments, is a relevant example. Because the majority of tryptic peptides from rhodopsin are too large to be detected using the LC-MS/MS parameters applied in our analysis, we used the hydrophilic peptide from the C terminus of rhodopsin for the analysis in Fig. 6B . Even this peptide appears to be less "detectable" than the peptides in the majority of the other benchmark outer segment proteins as the point for rhodopsin (most abundant protein) falls below the regression line (Fig. 6B) . That said, it is evident from Fig.  6B that S/PP provides a good estimate of relative protein abundance. This may in part be because the S/PP calculation is an average for all peptides detected from a given protein and thus "averages over" some of the inherent variation in peptide detectability. The S/PP calculation can be refined in the future as the reasons for the variation in peptide detectability are better defined (61) . The estimated copy number of each protein in our PSC-OS proteome ( Fig. 6 and Supplemental Table S8 ) provides a basis for predicting the stoichiometries of protein complexes in outer segments and could be useful for functional studies of these proteins and their interactions and roles in the pathogenesis of diseases caused by cilia dysfunction. Knowledge of the amounts of specific proteins in photoreceptor outer segments may also be important for directing the development of accurate gene augmentation therapies for inherited retinal degenerations and other cilia disorders, some of which are nearing clinical application (62) . For example, mutations in CEP290 have recently been reported to cause the cilia disorders Joubert syndrome and Leber congenital amaurosis (LCA), a form of congenital blindness (63) (64) (65) . The proteome data indicate that ϳ9000 copies of Cep290 protein are present in each mouse outer segment. In contrast, ϳ580,000 copies of Rds, whose mutation causes several forms of retinal degeneration, are present (Supplemental Table S8 ). These examples reveal that different delivery and expression strategies will be needed to effect successful therapy for different types of inherited retinal degenerations and other cilia disorders.
